The purification of oligonucleotides by ion-exchange displacement chromatography is demonstrated on the gram-scale. Using a 50 mmD x 100 mmL (203 ml) column operated In the displacement mode, 12. g of a 24mer phosphorothioate ollgonucleotide was purified. Product yield for this separation was 70% (780 mg) at a purity of 96.4% and the mass balance recovery of all oligonucleotide was 97.5%. The displacement purification of four additional phosphorothioate oligonucleotides ranging In length from 18 to 25 bases is also demonstrated on the semi-preparative (10-50 mg) scale. All of these oligonucleotides were purified using similar displacement conditions and typical results were 60% yield at 96% purity. The displacement portion of these separations required <15 mln and total cycle time including equilibration, feed loading and regeneration can be performed in under 30 min. These results seem to indicate that displacement chromatography may be amenable to generalizations in separation protocol that would greatly reduce the effort required to obtain an optimized purification scheme for moderately long oligonucleotides.
INTRODUCTION
The last decade in liquid chromatography has seen the emergence of displacement chromatography as a powerful preparative chromatographic technique due to the high throughput and product purity associated with the process (1) (2) (3) . This technique offers several advantages in preparative chromatography as compared to traditional preparative elution. The displacement process takes advantage of the non-linear adsorptive properties of biomolecules such that a larger feed can be separated on a given column with the purified components recovered at significantly higher concentrations. Furthermore, the tailing observed in preparative elution is greatly reduced in displacement chromatography due to the self-sharpening boundaries developed during the process. In contrast to preparative elution where the feed components are often diluted during the separation, the feed components can be significantly concentrated during the displacement procedure.
These advantages combine to make displacement chromatography an extremely attractive preparative technique for the isolation of biomolecules from the dilute solutions often encountered in biotechnology processes.
In displacement chromatography, a front of displacer solution traveling behind the feed, drives the separation of the feed components into adjacent pure zones which move with the same velocity as the displacer front The column is first equilibrated with a carrier solution in which the components to be separated have a relatively high affinity for the stationary phase (Fig. 1 ). A feed mixture is then pumped into the column followed by a displacer solution. During the introduction of the feed, the components saturate the stationary phase at the top of the column and frontal chromatography occurs. The displacer is selected such that it has a higher affinity for the stationary phase than any of the feed components (3, 4) . As the displacer front traverses the column the feed components are displaced and separated as they compete for the adsorption sites on the stationary phase. Under appropriate conditions, a displacement train is formed containing the feed components as adjacent bands, all moving with the velocity of the displacer front
The order of the zones corresponds to the increasing affinity of the components for the stationary phase. The concentration of each component in the final displacement train is determined solely by its adsorption isotherm and the concentration and isotherm of the displacer (3, 5) as shown in Figure 2 . Figure 2A shows typical isotherms of three feed components and a displacer along with the displacement operating line. The operating line is a chord drawn from the origin to the point on the displacer isotherm which corresponds to the displacer mobile phase concentration. The intersection of the operating line with a feed component isotherm indicates at what concentration that feed component will be displaced. In Figure 2B is the square wave displacement train that would result from the combination of isotherms and operating line shown in Figure 2A . The width of each displacement zone is determined solely through a mass balance. The higher the feed load of a component, the wider its displacement zone will become. However, regardless of what quantity of a component is applied to the column, the concentration of its displacement zone will always obtain the value pre-determined by the operating line/isotherm intersection point (all other operating parameters constant). This figure serves only to demonstrate some of the theory behind * To whom correspondence should be addressed displacement chromatography. In practice, it would be rare to measure the adsorption isotherms and use this construction to predict displacement separations. Because the concentration of each displacement zone is determined through these thermodynamic forces, displacement systems can often result in significant concentration of the feed components during the separation process. Upon the emergence of displacer, the column is regenerated by removal of the displacer with an appropriate solvent sequence followed by re-equilibration with the carrier. Displacement chromatography separates biomolecules in a fundamentally different mode as compared to traditional chromatographic techniques (e.g. step and linear gradient). Traditional techniques achieve purification through the selective desorption of adsorbed species by altering the equilibrium conditions of adsorption. Mobile phase gradients (in pH, salt concentration or organic modifier content) significantly reduce the binding affinity of adsorbed species to obtain sequential elution of components from the column. With displacement chromatography, introduction of the displacer does not significantly alter the binding affinity of the adsorbed species. Instead, the displacer, possessing a higher affinity than any of the feed components, effectively competes for adsorption sites on the stationary phase. This in turn sets up competition for binding sites among the feed components. Specifically, the displacement process involves non-linear competition of solutes for binding sites while the desorption process involves a relative change in binding affinities of the solutes. The implications of this distinction are quite significant in that displacement chromatography can potentially purify components from mixtures having low separation factors. In the case of gradient chromatography, large separation factors are generally required to give satisfactory resolution. Displacement chromatography has been employed for the purification of a variety of protein mixtures using both anion (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and cation-exchange supports (21) (22) (23) and several classes of displacers, in particular sulfated dextrans (24) . In this work, displacement chromatography will be employed for the purification of phosphorothioate oligonucleotides. This class of compounds presents an especially difficult challenge to the separations engineer for several reasons. First, phosphorothioate oligonucleotides exhibit an extremely high binding affinity to chromatographic resins as compared molecules typically encountered in biopharmaceutical purification. Secondly, the existence of 2"" 1 (where nnumber of bases) centers of steroisomerism about the phosphorous-sulfur bond causes considerable conformational heterogeneity of the oligonucleotide product and failure sequences. Lastly, the existence of multiple, closely related failure sequences presents a very complex separation system. Base composition of oligonucleotides has been shown to dramatically affect chromatographic retention behavior (25, 26) . Depending on which base is deleted in a 'n -V failure sequence, that failure sequence could exhibit chromatographic retention similar, if not identical, to the rc-length sequence. This phenomenon makes resolution of rc-length product from failure sequences particularity challenging. Therefore, this separation problem serves to demonstrate the outstanding resolving power that displacement chromatography possesses for the purification of biomolecules.
In this report, the gram-scale displacement purification of a 24mer phosphorothioate deoxyoligonucleotide (S-ODN) contaminated with 1-12 base deletions (Vi -1', 'n -2\ etc.) and 24mer phosphodiester defect impurities will be demonstrated. Examples on the semi-preparative scale of other S-ODN purifications will be offered to illustrate the general applicability of this powerful separation technique.
MATERIALS AND METHODS
Displacement experiments were performed using POROS HQ/M (20 urn) columns (50.0 mmD x 100 mmL, 10.0 mmD x 100 mmL, 4.6 mmD x 100 mmL; PerSeptive Biosystems, Inc., Preparative displacement of a 24raer phosphorothioate. Load: 1.2 g (6 mg/ml CV); column: 50 mmD x 100 mmL POROS HQ/M; flow rate: 150 cm/h (50 ml/min); mobile phase: 100 mM Nad, 10 mM NaOH, 5% methanol; displacer 800 ml of 7 mg/ml dextran sulfate; fraction size: 14 ml; HPLC: BioCAD 60.
Framingham, MA). Phosphodiester analysis was performed using a 4.6 mmD x 150 mmL PL-SAX column (Polymer Labs, Amherst, MA). Sodium chloride, sodium hydroxide, sodium phosphate and dithiothreitol were purchased from Sigma (St Louis, MO). Methanol, ethanol and acetonitrile were obtained from J. T. Baker (Danvers, MA). Dextran sodium sulfate (40 kDa) was purchased from ICN Biomedicals. Polydiallyl dimethyl ammonium chloride (polyD ADMAQ and o-toluidine blue indicator were obtained from Nalco Chemical Company (Naperville, IL). The HPLC systems used in this study were a BioCAD™ 20 and a BioCAD™ 60 (PerSeptive Biosystems, Framingham, MA) which included an Advantec model SF-2120 fraction collector (Advantec Toyo Kaisha, Ltd, Japan). Analysis of displacement fractions was performed on a Beckman P/ACE 5510 capillary electrophoresis system using eCAP ssDNA 100 gel, 67 cm capillaries (Beckman Instruments, Inc., Fullerton, CA). The running buffer of Tris-borate/7 M urea was also obtained from Beckman. PAGE gel electrophoresis reagents were from IBI (New Haven, CT). Stains-all dye was obtained from Eastman Kodak (Rochester, NY). PAGE gel results were quantified using a Model 300S Computing Densitometer (Molecular Dynamics, Sunnyvale, CA).
Preparative displacement chromatography
The POROS HQ/M column was sequentially perfused with carrier, feed, displacer and regenerant solutions. The feed and displacer solutions were prepared in the carrier, which was 100 mM NaCl, 10 mM NaOH and 5% (v/v) methanol. The feed was 1202 mg of oligonucleotide in 125 ml of carrier. The displacer was 800 ml of 7 mg dextran sulfate (40 kDa)/ml. The fraction size was 14 ml and the flow rate was 50 ml/min (150 cm/h). The regenerant was 3.0 M sodium chloride in 0.5 M sodium hydroxide and 20 CV (un-optimized volume and composition) were used to assure column regeneration.
Semi-preparative displacement chromatography
A similar procedure as described above was employed for semi-preparative displacements. The particular carrier composition, fraction size, flow rate and feed load is listed in the figure legends.
Capillary electrophoresis analysis
A capillary cartridge was prepared using an eCAP ssDNA 100 gel-filled capillary which was trimmed to 47 cm in length. The cartridge was loaded onto the Beckman P/ACE capillary electrophoresis (CE) unit and the capillary ends were placed in Tris-borate/7 M urea running buffer. Displacement fractions were desalted and diluted with de-ionized water to yield samples with ~5 OD/ml. \bhage injection (7 5 kV) was used to load sample onto the capillary and injection times were typically 1-3 s. The capillary was run at 37 °C using a 14.1 kV voltage potential which yielded an analysis time of 35 min. The separation was monitored at 254 run.
Polyacrylamide gel electrophoresis (PAGE) analysis
Purified S-ODNs (0.02-0.08 OD/lane) were analyzed by PAGE on 15 x 15 cm x 0.75 mm analytical gels (20% total polyacrylamide, 5% cross-linked) using 7 M urea in 40 mM Tris-borate buffer at pH 8.3. Bands were visualized by staining with 0.006% solution of Stains-all™ in 1:1 formamide:deionized water for 8-16 h. The bands were quantified by scanning densitometry using a Model 300S Computing Densitometer.
Phosphodiester analysis
Phosphodiester analysis was performed by ion-exchange chromatography using a PL-SAX (4.6 mmD x 150 mmL) column heated to 40°C. Buffer A was 10 mM NaOH and buffer B was 1.5 M KBr in 10 mM NaOH. A gradient of 30-90% B in 40 min followed by a 4 min hold at 90% B was employed to resolve phosphodiester species from phosphorothioates. The flow rate employed was 1.0 ml/min and -0.5 OD of sample was injected.
Analysis for dextran sulfate
Dextran sulfate concentration was measured using a colloidal titration assay obtained from Nalco Chemical Company. For analysis of dextran sulfate, two drops of o-toluidine indicator were added to 100 ml of distilled water, the subsequent addition of dextran sulfate produced a colorimetric change. Titrating against polyDADMAC produced another colorimetric change. A linear calibration plot which was generated using known amounts . Column: 10 mmD x 100 mml, POROS HQ/M; flow rale: 180 cm/h (2.4 ml/min); load: 6.5 mg/ml CV (51 mg); mobile phase: 100 mM NaC1, 10 mM NaOH, 5% MeOH; displace!: 32 ml of 7 mg/ml dextran sulfate; fraction size: 960 jjl; HPLC: BioCAD 60.
of dextran sulfate, was used to quantify the unknown concentrations of dextran sulfate in displacement fractions.
Estimation of oligonudeotide concentration
Oligonucleotide concentrations were estimated from absorbance measurements at 260 nm using an average conversion factor of 22 OD = 1 mg oligonucleotide. Feed solutions and displacement fractions were diluted in the range of 1:100 to 1:1000 to obtain absorbance readings of less than 1 AU.
RESULTS AND DISCUSSION

Preparative displacement
Prior to displacement purification, the 24mer (as well as all samples presented in this report) was subjected to reversed-phase purification for the removal of trityl-off failures. The recovered product was detritylated and subsequently lyophilized to obtain a dry, semi-pure sample. At this stage, purity of the samples was 88-92%. The preparative displacement purification of a 24mer phosphorothioate deoxyoligonucleotide is presented in Figure 3 . For this separation 1.2 g S-ODN was loaded onto a 203 ml column (6 mg/ml CV load) packed with POROS HQ/M (20 nm particles). Subsequent displacement with dextran sulfate, resulted in significant purification of n-mer oligonucleotide. The purity as determined by PAGE gel analysis is plotted above each fraction. Shorter failure sequences (n -2, n -3, n -x) were significantly concentrated into the initial fractions (31-33) and were effectively eliminated from the n-mer product zone. By fraction 36 (the sixth fraction) product purity was already >96%. Unfortunately, while n -1 was also significantly concentrated into the initial fractions, n -1 tailed into the zone of n-mer material at a relatively constant level of -1-2%. The purity of remaining fractions exceeded 97% and approached 99% in some fractions. A pool of fractions 35-44 realized 70% recovery of n-mer S-ODN (780 mg) at 96.4% purity and the mass balance recovery of all S-ODN for this separation was 97.5%.
Fractions 45-48 contained pure (>98%) oligonucleotide that was contaminated with displacer. The displacer, dextran sulfate, does possess pharmaceutical activity and thus, it is critical to ascertain which fractions contain dextran sulfate as these may or may not be included in the product pool. The decision to pool these fractions could depend on the ability to remove dextran sulfate in subsequent purification runs. Or the decision could depend on dosage indications of the oligonucleotide pharmaceutical and whether a small quantity of dextran sulfate could be tolerated in the targeted patient population.
The titration assay for dextran sulfate has a lower detection limit of-75 ^tg. For displacer analysis, IOOJJJ of each fraction was assayed yielding a detectable dextran sulfate concentration of 0.75 mg/ml (75 (J.g/100 u.1). By titration assay, fractions 44 and 45 contained no displacer while fraction 46 contained displacer at the detection limit (0.75 mg/ml). When fractions 44 and 45 where analyzed by PAGE, these fractions showed a 'smearing' which was attributed to the presence of dextran sulfate. Since this 'smearing' could not be quantified and since the concentration of displacer in these fractions had to be <0.75 mg/ml, fraction 45 was assigned a displacer concentration of 0.5 mg/ml. Moreover, the 'smearing' observed for fraction 44 was significantly less than for fraction 45 and thus fraction 44 was assigned a displacer concentration of 0.25 mg/ml. These concentration assignments were arbitrary and serve only to show displacer contamination and trending. If displacer could be removed from fractions 45-48 with a polishing (or desalting) step, n-mer product recovery would be improved by -9%.
Also shown in Figure 3 are the results of phosphodiester (PO) analysis of the fractions. This analysis indicated that PO containing oligonucleotides were concentrated in the initial displacement fractions. In fact, the analysis indicated that, of the n-mer oligonucleotide contained in fraction 33, -50% was phosphodiester. The PO content of fractions 38-44 was below detectable limits (^ 0.2% PO detection limit) and thus n-mer oligonucleotide in these fractions can be considered to be essentially pure phosphorothioate. Fractions from this displacement example were also examined by CGE analysis, and are compared to PAGE results in Table 1 . Although absolute values Volume (ml) Figure 5 . Displacement of a 20mer phosphorothioate (20B). Column: 4.6 mmD x 100 mmL POROS HQ/M; flow rate: 180 cm/h (0.5 ml/min); load: 5.4 mg/ml CV (9 mg); mobile phase: 500 mM Nad, 25 mM Na 2 HPO 4 (pH 12), 20 mM DTT, 5% ACN; displacer 7 ml of 7 mg/ml dextran sulfate; fraction size; 200 uJ; HPLC: BioCad20.
of purity are slightly higher vis-a-vis PAGE, the trend through the fractionation scheme is similar.
Additional oligonudeotide displacements
Displacement chromatography was employed for the semi-preparative purification of four additional phosphorothioate deoxyoligonucleotides. These oligonucleotides were obtained through customer collaborations with PerSeptive Biosystems and thus the sequences cannot be disclosed. Of these samples, two 20mers (20A and 20B) were available in relatively large quantities and received a considerable amount of optimization effort. The remaining samples, an 18mer and a 25mer, were each from single 100 umol synthesis. Since maximum product recovery of these oligonucleotides was a primary goal, it was not advantageous to perform optimization experiments with these samples. Optimization displacements actually yield little product since most is consumed during fraction analysis. Thus, displacement conditions identified for the other oligonucleotides were employed for the purification of the 18-and 25mers. 43.9* These fractions contained dextran sulfate that was stained by the dye resulting in dextran sulfate bands on the PAGE gel. During data analysis, these displacer bands were included in purity calculations artificially lowering the n-length purity of the fraction. The actual n-length purity of these fraction is closer to the vahie determined by CGE which is not affected by the presence of displacer.
The optimized displacement purification of oligonudeotide 20A is presented in Figure 4 . In this semi-preparative displacement, 51 mg of crude 20A was purified on a 10 mmD x 100 mmL POROS HQ/M column. The purity as determined by capillary gel electrophoresis (CGE) analysis is plotted above each fraction. This separation had a product yield of 60% at 96% purity and the mass balance recovery of all S-ODN was >95%. The displacement of oligonudeotide 20B is shown in Figure  5 . Although, the supply of 20B was exhausted before true optimal conditions were obtained, the performance of the separation was still remarkable. The product yield was 60% at 96% purity with a mass balance recovery of >95%. This sample presented a unique separation problem as compared to 20A. Not only were n-1 failure sequences difficult to remove from the n-mer product, but 'n -2' failures also persisted in contaminating the product Dithiothreitol (DTT) was utilized as a mobile phase modifier in an attempt to attenuate any sulfur-sulfur interactions that could be occurring between failures and product The introduction of DTT into the mobile phase had a tremendous effect and resulted in near complete removal of these 'n -2' species from the n-mer product zone. Unfortunately, DTT did not improve the removal of n -1 failures in either this sample or 20 A.
Semi-preparative displacements of the 25mer and 18mer are shown in Figures 6 and 7 , respectively. The 18mer had a yield of 55% at 95% purity while the 25mer had a slightly lower yield of 45% at 97% purity. The lower yield of the 25mer was probably caused by the dextran sulfate displacer not possessing sufficient affinity to efficiently displace this 25mer. These results are remarkable considering that these separations were performed using conditions that had been optimized for completely unrelated oligonucleotides (a 24mer and 20A). The displacement separation of five oligonucleotides with various sequences and lengths indicates that displacement may offer 'universal' conditions for the purification of phosphorothioate oligonucleotides.
Although dextran sulfate was able to completely displace a 24mer, an increase in oligonudeotide length by just one base to a 25mer resulted in considerable overlap between the 25mer and displacer. This overlap indicates that the 25mer possessed a significantly higher affinity for the adsorbent phase than did the Flgnre 6. Displacement of a 25mer phosphorothioate. Column: 10 mmD x 100 mmL POROS HQ/M; flow rate: 180 cm/h (2.4 ml/min); load: 5.85 mg/ml CV (46 mg); mobile phase: 100 mM NaCl, 10 mM NaOH, 5% MeOH; displaces 32 ml of 7 mg/ml dextran sulfate; fraction size: 960 ul; HPLC: BioCAD 60.
24mer. It is difficult to imagine that the addition of one nucleotide alone could be responsible for such a dramatic increase in oligonucleotide affinity. Chromatographic affinity of oligonucleotides is a function of length, base composition and sequence. With length reduced to only a contributing cause of the high binding affinity of the 25mer, this suggests that base composition and sequence also play an important role in oligonucleotide binding affinity. The current displacer should work for a variety of oligonucleotides but overall separation performance will probably depend on oligonucleotide sequence and composition. Increasing the displacer affinity is a continuing project so that displacement will eventually work universally for moderate length oligonucleotides (~25mers) and perhaps even longer sequences (~30mers).
Optimization of displacement conditions
During the optimization of these displacements, n -1 persistently tailed into the zone of n-mer product. Regardless of experimental conditions, the n -1 content of the purest fractions could not be reduced to < 1 %. A multitude of mobile phase compositions were employed to alleviate this tailing with no success. High mobile phase salt concentrations were utilized to increase the rate of adsorption/desorption kinetics on the hypothesis that the n -1 tailing was due to slow kinetics. No improvements in purity were noted at elevated salt concentrations. Using sodium hydroxide or phosphate buffer to obtain denaturing conditions of pH 12 had no effect on separation performance. Sodium hydroxide was ultimately chosen based solely on ease of use issues at process-scale. Urea (7 M), guanidine-HCl and DTT were employed in an attempt to minimize any secondary structure or aggregation effects that may occur in oligonucleotides. Other than the previously mentioned effect of DTT, these conditions had no effect on separation performance. Also, since elevated temperature should both increase adsorption/desorption kinetics and minimize secondary structure effects, displacements were attempted at elevated temperature (60 °C). However, no improvement in separation performance was observed at high temperature. In fact, pure fractions (-96% purity) from a displacement were pooled and re-displaced with only marginal improvements (-0.5%) in product purity. Thus, the n -1 failures which contaminate the product zone are essentially chromatographically identical to the full length product or there is an interaction that we, at this time, do not understand.
The only major improvement that occurred in the displacement protocol was the addition of organic modifier to the mobile phase. Displacements without organic modifier typically exhibited displacement mass balance recoveries of only 70-80%. The remaining 20-30% of oligonucleotide was recovered from the column during the regeneration cycle. With the addition of 5% (v/v) organic modifier to the mobile phase, displacement mass balance recoveries exceeded 95%. It is interesting to note that organic modifier had no effect on the purity of displaced oligonucleotide. With or without organic modifier, the oligonucleotide which was displaced generally obtained purity levels in the range of 96-98%. The mode of action of organic modifier seems to be the elimination of non-specific (i.e. hydrophobic) interactions between oligonucleotide and the adsorbent surface. With these non-specific interactions minimized, the oligonucleotide, binding primarily in an electrostatic mode, can be efficiently and completely displaced. Without organic modifier, the non-specific interactions interfere with the displacement process leading to less than complete displacement of oligonucleotide from the column. Increased organic modifier content (10 and 20% methanol) and selection of organic (methanol, ethanol and acetonitrile) had no effect on separation performance. Selection of methanol as the preferred organic modifier was based solely on economic issues.
Displacer removal
There are several key physio-chemical differences between dextran sulfate and phosphorothioate oligonucleotides that can be exploited to remove displacer from product First, there is a considerable difference between the hydrophobic characteristic of these molecules indicating that a reversed-phase desalting step may result in significant removal of dextran sulfate. Preliminary, un-optimized experiments have shown a reduction in dextran sulfate content of contaminated fractions when subjected to reversed-phase desalting. Secondly, dextran sulfate is more strongly retained in anion-exchange systems. By operating an anion-exchange column in a flowthrough mode, mobile phase . Displacement of an 18mer phosphorothioale. Column: 10 mmD x 100 mmL POROS HQ/M; flow rate: 180 cm/h (2.4 ml/min); load: 5.6 mg/ml CV (44 mg); mobile phase: 100 mM NaCl, 10 mM NaOH, 5% MeOH; displacer 32 ml of 7 mg/ml dextran sulfate; fraction size: 960 \i\; HPLC: BioCad 60 (note: the extra large fraction collected at the end of this displacement was caused by an improperly set UV threshold in the BioCAD method with prematurely signaled the end of the displacement).
conditions could be optimized to retain only dextran sulfate permitting displacer-free product to elute from the column. The final option is ultrafiltration. The dextran sulfate employed in this study possessed a mean molecular weight of 40 kDa. The molecular weight difference between dextran sulfate and 20mer S-ODNs may be sufficient to allow recovery of displacer-free oligonucleotide during an ultrafiltration step. Each of these techniques should provide complete recovery of product without adversely affecting the chemical integrity of the product
Displacement purification cycle time
The displacement protocol is comprised of four sections: column equilibration, feed loading, displacement and column regeneration. Using POROS perfusive particles, the feed loading and displacement portion of the protocol can be performed at linear flow rates in the range of 150-250 cm/h. With perfusive particles, column equilibration and regeneration can be performed at linear flow rates in the range of 1000-3000 cm/h. As the scale of the separation is increased, pressure limitations of HPLC pumps will probably limit the equilibration and regeneration to the lower end of this range (1000 cm/h). The preparative displacement presented in this report was performed on an analytical-scale HPLC system that had a flow rate limit of 60 ml/min. For the column employed in this separation (50 mm I.D. x 100 mm), 60 mVmin translates to a linear velocity of only 180 cm/h. Thus on this HPLC system, column equilibration and regeneration had to be performed using below optimal flow rates. However, the separation was intentionally performed on an analytical HPLC system to demonstrate the ability to perform large-scale purification using a relatively inexpensive, analytical HPLC system. Under this flow ratelimited scenario, the displacement portion of this separation was performed in 14 min at a flow rate of 50 ml/min (150 cm/h). Feed loading required <2.5 min at 50 ml/min. Column equilibration and regeneration required another 100 min at a flow rate of 60 ml/min (180 cm/h) for a total cycle time of -120 min. With a semi-preparative HPLC system, the feed loading and displacement time would be reduced to 13.75 min at 180 cm/h (60 ml/min). At 1000 cm/h (330 ml/min) on a semi-preparative HPLC system, column equilibration and regeneration would require only 18 min for a total cycle time of 32 min. These rapid cycle times (30 min) were realized during semi-preparative purification when the HPLC system was suitably sized for the column (4.6 mm I.D. and 10 mm I.D.).
CONCLUSIONS
We have demonstrated the preparative-scale purification of a 24mer deoxyoligonucleotide using ion-exchange displacement chromatography. With this technique, we were able to obtain 70% product recovery at 96.4% n-mer purity. The displacement portion of this preparative separation required only 14 min using an analytical-scale HPLC system. With a properly sized HPLC system, total cycle time for the separation would be -32 min. Using similar separation conditions, we have also demonstrated the displacement purification of four additional phosphorothioate oligonucleotides ranging from an 18mer to a 25mer. The product yield and purity for these five separations on average was 60% yield at 96% purity. A mobile phase composed of 100 mM NaCl, 10 mM NaOH and 5% (v/v) methanol appears to offer near universal conditions for oligonucleotide purification. From this starting point, a minimum number of experiments should be required to obtain optimum displacement conditions. Moreover, these conditions, even if not optimal for a particular oligonucleotide, offer separation performance that is generally superior to that obtained using traditional separation techniques.
